Prions typically spread into the central nervous system (CNS), likely via peripheral nerves. Yet prion conformers differ in their capacity to penetrate the CNS; certain fibrillar prions replicate persistently in lymphoid tissues with no CNS entry, leading to chronic silent carriers. Subclinical carriers of variant Creutzfeldt-Jakob (vCJD) prions in the United Kingdom have been estimated at 1:2000, and vCJD prions have been transmitted through blood transfusion, however, the circulating prion conformers that neuroinvade remain unclear. Here we investigate how prion conformation impacts brain entry of transfused prions by challenging mice intravenously to subfibrillar and fibrillar strains. We show that most strains infiltrated the brain and caused terminal disease, however, the fibrillar prions showed reduced CNS entry in a strain-dependent manner. Strikingly, the highly fibrillar mCWD prion strain replicated in the spleen and emerged in the brain as a novel strain, indicating that a new neuroinvasive prion had been generated from a previously nonneuroinvasive strain. The new strain showed altered plaque morphology, brain regions targeted and biochemical properties and these properties were maintained upon intracerebral passage. Intracerebral passage of prion-infected spleen re-created the new strain. Splenic prions resembled the new strain biochemically and intracerebral passage of prion-infected spleen re-created the new strain, collectively suggesting splenic prion replication as a potential source. Taken together, these results indicate that intravenous exposure to prioncontaminated blood or blood products may generate novel neuroinvasive prion conformers and disease phenotypes, potentially arising from prion replication in non-neural tissues or from conformer selection.
INTRODUCTION

Prion diseases are fatal neurodegenerative disorders caused by PrP
Sc , a misfolded and aggregated form of the normal cellular protein, PrP C (1, 20, 31) . During prion disease, PrP Sc recruits and templates the misfolding of PrP C in an autocatalytic conversion (66) , an amplification process also employed by other pathogenic protein aggregates, including a-synuclein, amyloid-b and tau (19, 28, 37, 49, 52) . PrP Sc can exist in a vast array of conformers, from small subfibrillar aggregates to long fibrils visible in situ by electron microscopy (2, 9) .
Although defined as infectious proteins, prion conformers vary profoundly in transmission between individuals and in the disease pathogenesis. While generally infectious when in direct contact with the central nervous system (CNS), for example from a prioncontaminated meningeal graft or EEG electrodes (8, 38, 39, 55) , prions differ in transmission following an extraneural exposure such as ingestion (40, 65) . Certain prion conformers will replicate persistently in lymphoid tissue without accessing the CNS, resulting in lifelong subclinical carriers of infectious prions (7, 22) . Understanding the conformers limited to the lymphoid tissues vs. those that will spread into the brain would provide fundamental insights into the risk of a protein aggregate breaching the CNS barrier.
How prions traffic from extraneural entry sites, such as the gastrointestinal tract, into the CNS is unresolved. Prions sequentially accumulate along neuroanatomically connected circuitry, implicating axonal transport in prion transit (3-5, 44, 46) . Additionally, manipulating sympathetic nerves supplying lymphoid organs through sympathectomy or hyperinnervation reduces or accelerates prion neuroinvasion, respectively (34, 35) . Recent studies have shown that prion neuroinvasion depends on the PrP Sc conformation (10) (11) (12) . "Fibrillar" prions form dense extracellular, congophilic plaques composed of visible fibrils in situ, whereas "subfibrillar" prions form punctate or diffuse fine aggregates with no visible fibrils in situ by electron microscopy. We found a striking difference in neuroinvasion, in that the subfibrillar prions consistently neuroinvade following an intraperitoneal (IP) or intra-tongue exposure (100%), whereas the fibrillar prions rarely neuroinvade (<40%) (10, 12) . Sonicating the fibrillar prions increased neuroinvasion for one strain, suggesting that prion aggregate size or particle number may limit CNS entry (12) . The intravenous (IV) route has been shown to be highly efficient for prion neuroinvasion as compared with IP and subcutaneous routes (14, 43) , yet the influence of prion conformation has not been previously investigated.
Here we sought to understand how conformation impacts CNS entry following a hematogenous exposure.
Inadvertent prion spread by blood transfusion from prioninfected donors has been a major public health concern, particularly with the advent of lymphotrophic variant Creutzfeldt-Jakob disease (vCJD) prions resulting from bovine spongiform encephalopathy (BSE) transmission to humans (17, 25) . An estimated 1:2000 individuals in the United Kingdom may harbor PrP Sc in lymphoid tissues, based on the discovery of prion-positive appendices in a large-scale retrospective study (32) . vCJD prions have a prominent replication phase in lymphoid tissues (61) , and have been detected in the blood and urine of vCJD-infected individuals (24, 56) and form fibrillar plaques in the brain (30, 50) . To date there have been four cases of human-to-human prion transmission following blood transfusion from an infected donor (51, 59, 60, 72) , and an additional asymptomatic case that had received pooled plasma (59) , indicating that the hematogenous route may be permissive for the neuroinvasion of these fibrillar prion conformers.
To explore the relationship between prion conformation and neuroinvasion from a blood-based exposure, we challenged mice intravenously to a conformationally diverse panel of five mouse-adapted prion strains, classified as either subfibrillar or fibrillar. We demonstrate that the subfibrillar and fibrillar prion strains penetrate the brain and replicate in the parenchyma, indicating that the hematogenous route is an efficient pathway for neuroinvasion of diverse prion strains and the only peripheral route thus far that permitted entry of the fibrillar mouse-adapted chronic wasting disease (mCWD) prion strain. Four of five prion strains appeared identically in mice exposed hematogenously or intracerebrally, indicating that the prions were capable of CNS entry. One fibrillar strain, 87V, was markedly more neuroinvasive by the IV route than the previously tested IP route. Interestingly, hematogenous exposure to the fifth prion strain, mCWD, generated a novel dominant strain that emerged in the brain after a prolonged incubation period. Lymphoid tissues can generate new strains upon cross-species prion transmission (6, 18) , however new strains have not been previously generated from stable mouse-adapted strains. To test whether the source of the new strain was lymphoid tissue, we intracerebrally passaged an mCWD-infected spleen and discovered both the original strain as well as the novel strain. Together these findings indicate that (i) the hematogenous route is highly permissive to the entry of diverse prion conformers and (ii) extraneural exposure to nonneuroinvasive fibrillar prions may lead to the generation and emergence of new neuroinvasive prions, resulting in unexpected phenotypes in the brain.
MATERIALS AND METHODS
Mouse inoculations and prion strains
WT (VM/Dk) or tga20 (Sv129/C57BL/6) mice (groups of n 5 4-10 male and female mice, 2-3 months old) were inoculated intravenously (IV) with 50 mL or intracerebrally (IC) into the left parietal cortex with 30 mL of 1% prion-infected brain homogenate or 1% spleen homogenate from terminally ill or uninfected mice (mock). The brain homogenate was derived from IC-inoculated mice while the mCWD spleen homogenate was derived from an IP-inoculated mouse.
The ME7, 22L, 87V and RML prions are cloned strains (12, 16, 26, 27) . The mCWD inoculum was the fifth passage of a single CWD-infected deer brain (12, 67) .
Tga20 mice express the Prnp a sequence variant and develop prion disease after a short incubation period with fibrillar mCWD (vs. >550 days in C57BL/6 mice), whereas VM/Dk mice express the Prnp b sequence variant (57) and are highly susceptible to 87V fibrillar prions (the 87V prion morphology is altered in the tga20 brain). The (12, 67) subfibrillar 22L and fibrillar 87V prions were investigated in WT mice (VM/Dk), and the subfibrillar RML and 22L prions, and the fibrillar mCWD prions, were investigated in tga20 mice.
Mice were maintained under specific pathogen-free conditions on a 12:12 light/dark cycle and were monitored three times weekly for the presence of terminal neurological signs of prion disease, including kyphosis, ataxia, stiff tail, hind leg clasp and hind leg paresis. Mice were euthanized at the onset of terminal disease. Spleens were removed first, with half embedded in optimal cutting temperature (OCT) and half frozen for biochemical analyses. The brain was removed and halved with a sterile blade. One hemi-brain was formalin-fixed for 2-3 days, then immersed in 96% formic acid for 1 h, washed in water, post-fixed in formalin for 2-4 days, cut into 2 mm transverse sections and paraffinembedded for histological analysis. For the other hemi-brain, a 2-3 mm transverse section at the level of the hippocampus/thalamus was removed, embedded in OCT and immediately frozen on dry ice. The remaining brain sections were frozen for biochemical analyses.
All procedures involving animals were performed to minimize suffering and were approved by the Institutional Animal Care and Use Committee at UC San Diego. Protocols were performed in strict accordance with good animal practices, as described in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Handling and import of prion infected tissue sections was performed with the approval from the Swedish Work Environment Authority and the Swedish Board of Agriculture.
Histology and immunohistochemistry
Sections of brain (4lm) were cut onto positively charged silanized glass slides and stained with hematoxylin and eosin, or immunostained using antibodies for PrP (SAF84) or for astrocytes (GFAP, glial fibrillary acidic protein). For PrP staining, sections were deparaffinized and incubated for 5 min in 96% formic acid, then washed in water for 5 min, treated with 5 lg/mL of proteinase K for 7 min and washed in water for 5 min. Sections were then placed in citrate buffer (pH 6) and heated in a pressure cooker for 20 min, cooled for 5 min and washed in distilled water. Sections were blocked and incubated with anti-PrP SAF-84 (SPI bio; 1:400) for 45 min followed by anti-mouse biotin (Jackson Immunolabs; 1:250) for 30 min and streptavidin-horseradish peroxidase (HRP) (Jackson Immunolabs; 1:2000) for 30 min. Slides were then incubated with DAB reagent for 7 min and an enhancer for 2 min (Invitrogen). Sections were counterstained with hematoxylin. GFAP immunohistochemistry for astrocytes (1:500; DAKO) was similarly performed, however, with antigen retrieval by PK-digestion (20 lg/ mL for 10 min at room temperature).
For performing the lesion profiles, eight anatomic brain regions, including dorsal medulla, cerebellum, hypothalamus, medial thalamus, hippocampus, corpus callosum, medial cerebral cortex dorsal to hippocampus and cerebral peduncle were scored for the presence of spongiosis, gliosis and PrP aggregates on a scale of 0-3 (not detectable, mild, moderate, severe). The three scores were summed and the value obtained for the lesion profile was depicted in the "radar plots" (4-10 mice per group). Two investigators blinded to animal identification performed the histological analyses.
Histoblots
Histoblots were performed as reported in Taraboulos et al (70) , using up to 100 lg/mL of proteinase K (PK) to digest PrP C . Histoblots were developed using the anti-PrP POM1 antibody (62) .
Western blots and glycoform profiles
Brain and spleen tissue were homogenized in PBS (10% weight/volume) in new sealed tubes with new beads using a Beadbeater TM tissue homogenizer. Homogenates were digested with 50 lg/mL PK in a Tris-based lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 10 mM EDTA, 0.5% NP40, 0.5% DOC; pH 7.4) at 378C for 30 min and the reaction stopped by boiling samples for 5 min in LDS loading buffer (Invitrogen). Samples were electrophoresed through a 10% Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane by wet blotting. Membranes were incubated with antiPrP monoclonal antibody POM1 [discontinuous epitope at Cterminal domain (62)] followed by incubation with an HRPconjugated anti-mouse IgG secondary antibody. The blots were developed using a chemiluminescent substrate (ECL detection kit, ThermoScientific) and visualized on a Fuji LAS 4000 imager.
Quantification of PrP
Sc glycoforms was performed using Multigauge V3 software (Fujifilm).
PrP Sc was concentrated from the tga20 mouse brain and spleen samples by performing sodium phosphotungstic acid (NaPTA) precipitation prior to western blotting (71) . Briefly, aliquots of 10% brain homogenate in an equal volume of 4% sarkosyl in PBS were digested with an endonuclease [Benzonase TM (Sigma)] at 378C for 30 min followed by treatment with 100 lg/mL PK at 378C for 45 min. NaPTA in 170 mM MgCl 2 (4% NaPTA/MgCl 2 ) and protease inhibitors (Complete-TM, Roche) were added and extracts were then incubated at 378C for 30 min and centrifuged at 18 000 3 g for 30 min at 378C. Pellets were resuspended in 0.1% sarkosyl prior to electrophoresis and blotting.
Thermal denaturation assay
Brain homogenate in a Tris lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 2% sarcosyl) was digested with 100 mg/mL PK for 40 min at 378C. PK was inactivated with phenylmethylsulfonyl fluoride (PMSF) (2 mM final concentration). Sodium dodecyl sulfate (SDS) (2.1% final) was added to the samples and samples were heated to temperatures ranging from 258C to 998C (108 intervals) for 6 min with shaking in a thermomixer set at 1000 rpm. Western blotting was performed and PrP signals from monomers were captured and quantified using a Fujifilm LAS-4000 imager and Multigage software. Strains were analyzed in 3 independent experiments using 4 mice per strain.
h-FTAA staining and fluorescence life time imaging
Sections of OCT-embedded brain samples (10lm) were cut onto positively charged silanized glass slides, dried for 1 h and fixed in 100% then 70% ethanol for 10 min each. After washing with deionized water, sections were equilibrated in phosphate buffer saline (PBS), pH 7.4, for 10 min. h-FTAA was diluted in PBS to a final concentration of 1.5 lM and added to the sections. The sections were incubated with h-FTAA for 30 min at room temperature, washed with PBS and mounted using DAKO fluorescence mounting medium. The fluorescence decay of h-FTAA bound to PrP aggregates was collected using an inverted Zeiss (Axio Observer.Z1) LSM 780 microscope (Carl Zeiss MicroImaging GmbH) equipped with a modular fluorescence lifetime imaging (FLIM) system from Becker and Hickl. In this setup, the emitted photons were routed through the direct coupling (DC) confocal port of the Zeiss LSM 780 scanning unit and detected by a Becker and Hickl HPM-100-40 hybrid detector. Data were recorded by a Becker and Hickl Simple-Tau 152 system (SPC-150 TCSPC FLIM module) with the instrument recording software SPCM version 9.42 in the FIFO image mode, 256 3 256 pixels, using 256 time channels (Becker and Hickl GmbH). For all acquisitions, a T80R20 main beam splitter was used and the pinhole was set to 20.2 lm. Scanning area was set to 235.7 lm 3 235.7 lm, with a scanning resolution of 512 3 512 pixels. A Plan-Apochromat 40 3/1.3 Oil DIC objective lens was used and a 510 nm longpass filter was positioned in front of the hybrid PMT. Excitation utilized the 490 nm laser line from the pulsed tunable In Tune laser (Carl Zeiss MicroImaging GmbH) with a repetition rate of 40 MHz. Data was subsequently analyzed in SPCImage version 3.9.4 (Becker and Hickl GmbH), fitting each of the acquired decay curves to a tri-exponential function and color coded images, as well as distribution histograms, showing the intensity-weighted mean lifetimes generated with the same software. The procedure of staining and FLIM imaging protein aggregates with h-FTAA is described in detail in Reference (58) .
RESULTS
Fibrillar prions invade the CNS following an IV exposure, but with a low attack rate Certain fibrillar prions (87V, mCWD) rarely neuroinvade from the peritoneal cavity or from the tongue (12) . To test the efficiency of fibrillar prion entry into the CNS from the hematogenous route, we inoculated subfibrillar or fibrillar prions, or uninfected brain (mock), intravenously and assessed mice for prion aggregates in the spleen and brain. Tga20 mice overexpress mouse PrP and were used to compare subfibrillar RML and ME7 to the fibrillar mCWD prions as the incubation period for mCWD in wild type mice is prohibitively long for studies of prion spread from peripheral inoculation routes. Wild type mice (VM/Dk background) were used to compare the subfibrillar 22L and the fibrillar 87V prion strains, as the 87V forms fibrils in the VM/Dk mice, but not in tga20 mice (detailed in Methods).
All five prions were detected in the spleen by early timepoints post-inoculation. Typically only a few follicles showed PrP Sc deposition (Supporting Information Figure S1 ), consistent with reports of early prion replication in lymphoid tissues in prion-infected mice, sheep and deer (41, 47, 68) .
All subfibrillar prions, 22L, ME7 and RML, readily spread to the CNS, inducing clinical prion disease with a 100% attack rate. The incubation period to terminal disease was delayed by 40%-80% as compared with the IC route ( Figure 1A ). In contrast, the fibrillar prions induced terminal prion disease with only a 17% or 60% attack rate for mCWD or 87V prions, respectively. Terminal disease was delayed by a longer period for mCWD (110%) than for 87V (35%) as compared with the IC route ( Figure 1A ) ( Table 1) . For mCWD, an IV exposure led to a similar low attack rate as compared with the previously tested IP route, whereas 87V was markedly more neuroinvasive by the IV route than by the IP route (previously 0% attack rate) (10) . Neither mCWD nor 87V prions previously induced fibrillar plaques in the brain when inoculated IP, yet both strains transited into the CNS, when inoculated IV.
Subfibrillar and 87V fibrillar prions neuroinvade and maintain their original biological properties, while mCWD fibrillar prions diverge from the original strain Prion aggregates associated with a strain may consist of more than one conformer. To determine whether the conformers introduced hematogenously varied from those introduced intracerebrally, we compared prion deposits in the brain after an IC or IV exposure by immunohistochemistry and western blot. For the subfibrillar strains, 22L, ME7 and RML, the aggregates ranged from a diffuse distribution of fine PrP Sc deposits of less than 1 mm to small 5-10 mm plaques, whereas for the fibrillar 87V strain, aggregates ranged from diffuse deposits in the thalamus to large plaques (20-60 mm) in the cortex ( Figure 1B ). For these four prions (22L, ME7, RML and 87V), mice exposed by the IC or IV route showed an indistinguishable prion aggregate morphology in the brain (Figure 1B) , including the congophilic plaques of 87V prions ( Figure 1C ). In contrast, mice exposed IC or IV to mCWD prions developed aggregates that differed markedly in brain; after IV exposure, there were primarily clusters of 2-3 mm punctate aggregates and two 15 mm dense plaques, whereas after IC exposure, there were only large, dense 20-100 mm plaques ( Figure 1B) . PrP Sc deposits were present in 4 of 6 mCWD IV-exposed mice, 3 of which did not develop terminal signs of prion disease. Interestingly, the mCWD aggregates deposited in the corpus callosum following either an IV or IC exposure.
Within a strain, PrP Sc typically maintains a consistent biochemical signature, including electrophoretic mobility and glycoform profile (distribution of di-, mono-and unglycosylated isoforms). In addition to inducing similar histological properties in the brain, four of five prions (22L, ME7, RML and 87V) showed an indistinguishable PrP Sc electrophoretic mobility and glycoform profile in mice inoculated by either the IC or IV route (Figure 2A ). Remarkably, for mCWD, the PrP Sc glycoprofile differed between the ICand IV-inoculated mice, as the latter showed a relative increase in diglycosylated PrP
Sc and a decrease in unglycosylated PrP Sc ( Figure 2B ).
IV exposure to mCWD fibrillar prions leads to a new dominant prion strain
To further determine whether a new dominant mCWD prion strain had been generated following an IV prion exposure, we subpassaged the brain from the mCWD-and 87V-IV-infected mice by IC inoculation of na€ ıve mice (IV-to-IC). For the 87V strain, mice developed prion disease with a modest but significant decrease in the incubation period compared with the original strain (17% reduction), whereas for the mCWD strain, the incubation period markedly increased by 104% ( Figure 3A,B) . For 87V, the plaque morphology appeared identical to the original strain, including dense congophilic plaques ( Figure 3C ). For mCWD, however, two types of prion deposits were detected, large, dense plaques typical of IC-inoculated mice and small 2-6 mm aggregates, similar to those seen in the IV-inoculated mice. The small plaques localized in part in the corpus callosum, suggesting some fundamentally similar properties to the original strain ( Figure 3D ). We next compared the lesion distribution in mice that were IC-inoculated with the original strain vs. the IV-to-IC subpassaged strain by scoring spongiform change, gliosis and PrP Sc deposition levels in 8 brain regions. For 87V, the distribution and severity of the lesions following IV-to-IC subpassage were similar to the lesions Figure 1B . ‡ ‡Brain shown in Online Resource 2b (thermostability). ¶ ¶Brain shown in Figure 5B (h-FTAA image).
induced by the original 87V prions IC ( Figure 3E ). Yet for mCWD, a marked decrease in the PrP Sc deposition, as well as an overall decrease in the gliosis led to a decrease in the lesion severity observed in the IV-to-IC subpassage mice as compared with the original mCWD prions ( Figure 3F ).
To investigate the biochemical properties of the subpassaged 87V and mCWD prions, the electrophoretic mobility and glycoform profile of PK-digested PrP Sc were assessed. For 87V, there was no change in the PrP Sc mobility or glycoform profile in the IVto-IC subpassaged vs. original 87V strain ( Figure 4A ). For mCWD, the electrophoretic mobility was unchanged, but the glycoprofile of the IV-to-IC subpassaged prions again differed, with a significant increase in diglycosylated PrP Sc and a decrease in the unglycosylated PrP Sc ( Figure 4B ), suggesting that a new strain emerged from the IV inoculation.
The thermostability of 87V and mCWD IC and IV-to-IC subpassaged brains was also assessed by quantifying levels of PrP disassembly into monomers at temperatures from 258C to 998C. The 87V and mCWD IC prions in brain were highly thermostable as previously reported (T 1/2 5 858C) (10) . Additionally, the thermostability of 87V IC and IV-to-IC prions revealed no differences in the temperature in which half of the total PrP Sc aggregates disassembled into monomers (T 1/2 5 858C), again suggesting that the dominant conformers had not changed (Supporting Information Figure S2 ). One of five mCWD IV-to-IC brains harbored enough PrP Sc to assess the thermostability, and revealed a similarly high thermostability (T 1/2 5 858C) as the mCWD from the IC inoculated mice (Supporting Information Figure S2 ).
Fluorescence lifetime imaging of h-FTAA bound to prion plaques
As an independent measure of prion conformation, we tested the binding properties of a conformationally sensitive luminescent probe, heptameric formic thiophene acetic acid (h-FTAA), to 87V and mCWD plaques. FLIM of h-FTAA has been previously assessed for optical distinction of PrP deposits associated with specific prion strains (53) . Using FLIM, the decay of emitted light from plaque-bound h-FTAA is measured as an indicator of how h-FTAA binds to the aggregate, since the fluorescence decay of the dye is sensitive to the surrounding chemical environment. For the 87V strain, the h-FTAA fluorescence decay revealed three distinct time decay curves, corresponding to different plaque morphologies. The compact core and fibrillar plaques showed similar signatures in the 87V original strain IC and the IV-to-IC subpassage ( Figure  5A) . Similarly, the diffuse plaques in the thalamus showed a comparable signature of h-FTAA fluorescence decay ( Figure 5A ). Interestingly, the decay curves varied significantly for the three aggregate morphologies, the compact core, fibrillar and diffuse deposits, suggesting that h-FTAA binds in a different fashion to each of these aggregates. Although these distinct morphologies have been recognized for the 87V strain for decades, these data are the first indication that the aggregates may vary at the structural level.
In contrast to the 87V prions, we found clear differences between the original mCWD strain and the new neuroinvasive mCWD strain, in that the fluorescence decay was significantly faster for the new strain ( Figure 5B ). Curiously, both the large and small mCWD aggregates from the new neuroinvasive mCWD strain exhibited the same FLIM profile. Thus, h-FTAA binds in different fashion to the new neuroinvasive mCWD strain, suggesting that the new aggregates have an alternate structure compared with the original mCWD plaques. mCWD prion replication in the spleen maintains the fidelity of the original strain and also generates a novel strain
The origin of the new mCWD strain was unclear, as the aggregates have not been previously observed in mice inoculated with mCWD Table 1 ). Figure 4B ). E. Lesion profile of mice inoculated with 87V and (F) mCWD by the IC (black) or the IV-to-IC subpassage (red). The severity of spongiosis, astrogliosis and PrP Sc deposition were scored for eight brain regions (1: dorsal medulla, 2: cerebellum, 3: hypothalamus, 4: medial thalamus, 5: hippocampus, 6: medial cerebral cortex dorsal to hippocampus, 7: corpus callosum and 8: cerebral peduncle) and were nearly superimposable for 87V, whereas for mCWD the severity was reduced in the IV-to-IC subpassage brain. Group numbers were as follows: 87V: n 5 14 IC, n 5 5 IV-to-IC; mCWD: n 5 12 IC, n 5 5 IV-to-IC. Log-rank (Mantel-Cox) test for survival in panel A, ***P < 0.001. Scale bar 5 50 lm.
by the IC route. We reasoned that the new dominant mCWD strain may have been a neuroinvasive substrain present in low abundance within the original inoculum and was selected following prion exposure by the IV route. However, this neuroinvasive substrain was not observed following an intra-tongue exposure to mCWD prions (12) , which would have been expected if a neuroinvasive strain selection occurred. Alternatively, hematogenously introduced prions would have massively exposed the spleen, potentially generating a lymphoid-derived prion strain within the new replication environment. Prion strains in the spleen appear similar histologically, accumulating as diffuse aggregates in the germinal centers (Supporting Information Figure S1 ). To determine the nature of the Figure 4B and in Table 1 ). Scale bar 5 20 lm. mCWD prions replicating within the spleen, we compared the PrP Sc glycoform pattern in spleens and brains from mice inoculated IV or IC, respectively. Surprisingly, the dominant glycoform differed dramatically, in that the spleen showed predominantly diglycosylated PrP Sc , whereas the brain showed predominantly monoglycosylated PrP Sc ( Figure 6A,E) . Additionally, the three PK-resistant PrP glycoforms in the spleen appear to be smaller than those in the brain ( Figure 6A ), also suggesting a conformational difference.
To assess the nature of splenic PrP Sc after an extraneural exposure to mCWD, we intracerebrally inoculated a mCWD-infected spleen (from a mouse previously exposed intraperitoneally to Figure 6B) . Interestingly, the brain showed a cooccurrence of large dense prion plaques identical to the original mCWD strain IC, as well as 2-3 lm punctate PrP
Sc deposits similar to the mCWD prions observed in the brain after an IV exposure ( Figure 6C ). These data indicate that mCWD prion replication in the spleen could maintain the fidelity of the original fibrillar mCWD strain as well as generate a new prion strain. Biochemically, the spleen-derived prions in the brain showed a predominant diglycosylated PrP Sc glycoform ( Figure 6D ,E, green triangles) that was similar in 4 of 5 mice to (i) the new mCWD prion strain that had developed after IV-inoculation of mCWD ( Figure 6E , red triangles) and (ii) the mCWD prions in the spleen after IV-inoculation ( Figure 6E , blue triangles).
To further assess whether the small aggregates and the larger plaques resembled the prions that developed after IV exposure to mCWD, we investigated the spleen-derived prions in brain by h-FTAA fluorescence life-time decay using FLIM. Here we found that the distribution of fluorescence life-times for h-FTAA bound to the spleen-derived prions was remarkably similar to the life-times obtained for the novel mCWD strain ( Figure 6F ) and there was no difference in the decay between the smaller and larger aggregates, suggesting that the novel strain may have arisen during replication in the spleen or other lymphoid tissue.
DISCUSSION
Prion conformers markedly differ in neuroinvasion efficiency from all routes tested to date, IP (10, 15) , IT (12) and IV; subfibrillar prions are highly neuroinvasive, whereas fibrillar prions are poorly neuroinvasive. Among the fibrillar prions (87V and mCWD), we found striking differences in neuroinvasion when comparing the exposure routes, with the most efficient brain entry occurring from the hematogenous route. For 87V prions, the attack rate after an IV exposure far exceeded the rate that we previously reported after an IP exposure (60% vs. 0%), a marked difference considering the two-fold higher dose for the IP route (10) . For mCWD prions, fibrillar plaques had not previously developed in the brain of any mouse exposed by the intra-tongue (IT) or IP route, even after fibril sonication (12) . However, here mCWD prions were neuroinvasive following an IV exposure, and revealed mostly focal clusters of granular aggregates and only two small dense plaques. In humans, prions also neuroinvade following an IV exposure and form fibrils in the brain, as four cases of transfusion-derived vCJD transmissions have occurred (51, 59, 60, 72) , and brain lesions in the single patient examined histologically appeared similar to other vCJD cases with florid prion plaques (72) . Thus in both experimental models and in humans, certain fibrillar prion subtypes are brain penetrant following a hematogenous exposure, and as reported here, the aggregate morphology may vary from that observed following other entry routes.
How do prions neuroinvade following an IV exposure? Prions may enter through nerve endings, for example through the sympathetic nerves innervating blood vessels or splanchnic nerves innervating the spleen, as proposed for IP introduced prions (13, 43, 64 ). An extensive pathogenesis study using RML prions compared the IV, IP and subcutaneous (SC) exposure routes and showed that all routes led to an early prion replication phase in the spleen, followed by replication in the spinal cord by approximately 40% of the incubation period, and lastly replication in brain (43) . The incubation period was largely determined by the PNS and CNS phase, as prions replicated in the lymphoid tissue only briefly (days to a few weeks) prior to nervous system entry (45) . Other studies of subfibrillar strains also support prion transit via nerves (33) (34) (35) 64) . The fibrillar mCWD strain does not spread to brain following an IT or IP inoculation, suggesting that mCWD prions cannot readily transit in nerves (10, 12) .
A second possibility is that prions entered the CNS directly from the blood. Direct prion passage across the blood-brain barrier (BBB) or blood-CSF barrier (BCB) following a hematogenous exposure would be expected to result in a short incubation period, comparable to the IC route. However, the long delay observed for all strains for the IV as compared with the IC route suggests that prions do not directly cross the BBB or BCB; instead, prions may replicate initially in cells such as follicular dendritic cells in lymphoid tissues or even brain endothelial or ependymal cells. Fibrillar GPI-anchorless prions were shown to be poorly CNS penetrant unless the BBB was compromised, enabling prion entry (48) . An IV prion exposure of mice expressing GPI-anchorless PrP C led to fibrillar GPI-anchorless prions accumulating adjacent to the meninges, and rarely within the choroid plexus, which may suggest entry across the BCB (48) . However, a meningeal distribution of prions was not observed in mice in the present study. Finally, prion penetration of the CNS for certain fibrillar conformers may require strain mutation, which is a stable switch in prion conformation from replication in a new environment (36) . Strain mutation may occur either from selection of a sub-strain from a "cloud" of pre-existing conformers or from deformed templating in the presence of new co-factors (21, 29, 36, 54) . We found that a new strain emerged in the brain following IV exposure to mCWD prions, potentially from strain mutation from either mechanism. The new strain was maintained on passage in mice and showed a marked alteration in the disease phenotype compared with the original strain, including a prolonged survival period and a switch in the prion aggregate morphology, lesion profile, h-FTAAplaque bound fluorescence decay, as well as an altered PrP Sc glycoform profile in the brain, which was similar to that of mCWD in the spleen. Moreover, the new phenotype could be re-created by inoculating an mCWD-infected spleen IC, revealing the spleen or other lymphoid tissue as a potential source of the new strain, and indicating that potentially any route leading to mCWD replication in the spleen may generate a new neuroinvasive strain.
Collectively, these findings indicate that the IV exposure route is a more efficient mechanism of neuroinvasion for only a subset of fibrillar prions. Additionally, prions transmitted in the blood may generate new neuroinvasive prions through strain mutation in lymphoid tissues. These new prion conformers may induce a completely new phenotype, clinically, histologically and biochemically, even though the strain originates from a previously adapted strain. Consistent with our findings, mice and non-human primates (macaques) transfused with blood products and soluble brain from vCJDinfected donors developed a prion disease, although with brain and spinal cord lesions that were distinct from those observed in animals challenged with vCJD brain inocula (23) . The macaques developed an unusual clinical disease characterized by progressive proximal paresis of the forelimbs and hind limb ataxia and showed histologic features of a myelopathy. Although PrP aggregates were not detectable in the affected macaques, the disease was transmissible to mice and the mice developed prion deposits in the CNS, suggesting the presence of an atypical prion (23) .
sCJD prion subtypes co-occur in the brain (63) , yet the origin of the subtypes is unknown. The replication of prions by different cell types within the brain or by non-neural cells, in which the replication environment and PrP C glycan sialylation patterns differ, may induce strain mutation events and help explain the origin of multiple co-existing subtypes (42, 69) . Studies to identify the cellular co-factors that underlie the generation of new prion strains are ongoing.
ACKNOWLEDGMENTS
We thank Dr. Don Pizzo and Nazilla Alderson for providing outstanding technical support. We are grateful for the excellent care provided by the animal caretakers at UC San Diego. This study was supported by the National Institutes of Health grants NS069566 (CJS), NS076896 (CJS), the Ram on Areces Foundation (PAC), the Swedish Research Council grants 2015-04521 (PH) and 2015-05868 (PH) and The G€ oran Gustafsson Foundation (PH).
